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ABSTRACT 


Second-ordei’  transition*  In  pur*  polyvinyl  acotat*, 
cellulose  acetate  pure  and  pla*tlcl**d,  cellulo**  nitrate 
pure,  plasticized,  plasticised  and  stabilised,  and  plasti¬ 
cized  and  cross-linked  were  studied  using  both  mechanical 
and  dielectric  loss  measurements'^  In  the  study  of  mechan¬ 
ical  losses,  the  naln  effort  was  directed  towards  low 
irek^uencles ,  and  equipuent  was  designed  which  permitted 
rieaaurements  down  to  about  10"^  cp*.  Temperatures  as  low 
as  -200°C  were  used  In  son*  case*.  (The  techniques  made  use 
of  forced  torsional  oscillations  or  of  a  torsion  pendulum. ^ 
The  results  were  expressed  In  terms  of  the  complex  modulus 
G^'  +  iGg" ,  and  O^'  and  O2"  wsr*  plotted  as  fvnctlons  of 
tempeiature.  The  peaks  In  th*  curve*  of  O2  gave  tempera¬ 
tures  cnaracterlstic  of  the  transitions.  Prom  these, 
activation  energies  wore  obtained. 

Dielectric  meaeurenents  were  made  at  higher  frequenelee, 
l.e.,  60  cps  to  2  me.  Th*  dielectric  constant  was  measured 
au  a  function  of  temperature  and  from  th*  poeltlone  of  th* 
peaks  of  these  curves  graphs  of  log  f  vtraus  lAg^ 
obtained,  and  th*  activation  energies  computed.  These 
measurements,  though  at  higher  frequenolea,  provided  a 
useful  comparison. 

Emphaals  Nsa  put  on  finding  the  location  of  thoaoy 
peaks  and  their  shift*  with  froquoney.  plasticiser  and 
cress -linking,  sto.  No  effort  wgs  oado  to  coapero  th* 
ooaplet*  curves  ovsr  tho  wbels  tssiporatur*  rangt. 
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Slneo  the  location  of  the  peak  on  the  temperature  scale 
Is  dependent  on  the  preparation  of  the  test  specimen  and 
since  there  ore  often  several  peaks,  the  corresponding  peaks 
occurlng  at  different  frequencies  were  distinguished  by  their 
activation  energy. 

For  polyvinyl  acetate  the  observed  activation  energy 
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of  ~ 57  KCal/mole,  in  agreement  kith  Meeds  and  Puoss  , 
Increased  to  ~120  KCal/mole  at  the  very  low  frequencies. 

It  Is  found  that  the  activation  energy  Is  not  constant 
with  tcmpci*ature  but  Increases  as  the  static  transition 
tempornturo  Is  approached.  Examples  are  polyvinyl  acetate, 
pure  cellulose  nitrate  and  some  of  the  plasticized  samples. 

No  basic  difference  could  be  found  In  the  dielectric 
behavior  of  cellulose  triacetate  and  cellulose  2.3  acetate. 
Activation  energies  of  '^35  to  45  KCal/nole  were  obtained. 

The  addition  of  a  plasticizer  does  not  change  radically 
the  value  of  the  activation  energy  for  any  particular  tran¬ 
sition,  but  only  shifts  the  peaks  to  lower  temperaturea. 

■fhla  ahlft  beconea  relatively  smaller  as  the  plasticizer 
content  continues  to  Increase.  Variation  of  plasticizer 
content  In  cellulose  nitrate  from  Xo  Increased 

the  activation  energy  from  ~23  to  ^50  KCal/nole. 

The  addition  of  a  stabilizer  makes  the  measurements 
more  consistent  and  reproduclbla.  Ita  preaanca  raducas 
th#  activation  energy;  the  effect  la  alnllar  to  that  pro- 
duotd  by  a  erosa-llnklng  agent. 
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Cortrtry  to  oatpectotlon,  ero»s-lijr-tJng  rofiwoo  tfc# 
valuo  octlTitloo  *tmrz7  •»  otoorred  fron  ei*J*€trl« 

■easuromenta.  Its  pneaenea  did  oot  i«i*.aaar  apyraelaSXa 
difference  in  the  aec’iexical  eeMarwesita.  Iknwer,  In 
iwth  caaes,  the  transition  pealca  shift  to  lower  teas^-rratorea 
Plastloiaed  aajcpi'e  are  foani  to  be  rather  uaatahic. 

It  la  auapected  that  the  plasticizer  evaporate#  dwrln«  the 
experlBenta,  thus  Often  laadlrs  to  Incorrect  reaulta.  Thla 
erratic  behavior  render*  it  dlfficolt  to  eake  pr«lae  aUta- 
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I.  anHooucTioi 


Aoon^  thk-  Afiiijr  propertlts  of  hi^  poljfMrs,  tte  ao-oalled  ”MeooJ>ordtr 
ti-aucitlun  tM3  rcceiveU  a  graat  UhMiat  of  attaBtlaa.  Tbt  tranaltloa 
te«pi  raturc--or  better,  tbe  trusltloB  recloa— la  that  aarrow  ragloa  la 
bhlcU  varioub  pbjriilcal  properties  exhibit  a  dlacoatlaulty  la  varlatloa 
i>ith  tbspen^ture.  la  particular,  the  apaclflc  haat  ahowa  aaaaaUaa  at,  or 
arouad  tixls>  point,  giving  rise  to  a  curve  aa  a  fuaetloa  of  taaparatura 
redeabliag  the  "icijiiu^.a"  curve  so  walX-kaowa  la  ordar-dlaordar  traasltloas 
ill  Decals  (e.g. /gorass),  la  bgrUrogan  halluas  aad  other  aubataacea.  Bacauae 
of  thir  sicilarlty  the  aava  "aacoau -order  traaaltloa"  has  also  been  uaed 
for  the  apparently  similar  pheiwaaa  la  high  poljfMra. 

According  to  the  goaerailir  accepted  uaaga  of  tha  worda,  a  flrat  ordar 
phaae  trauaitiou  such  ua  crystallisation  or  vaporl*atloa  lavolvas  a  dis¬ 
continuity  in  the  prliiary  tharDouyaaalc  variables  Ilka  toIum,  eaergy  or 
entropy  when  described  as  a  fuaetloa  of  teav*rdttavt .  A  aacoad -ordar 
transition,  ho.uver,  la  charaeterlseu  by  a  auddaa  elMaga  la  the  flrat 
derivatives  oi  the  themodyaaole  varlaklae.  la  other  surds,  the  aeeoad- 
order  traasltlon  lavolvea  laUaelTe^  proyertlee  lihe  thanal  wqpoMlTlty, 
refrsetivlty,  epeclfle  haet  or  eo^^reedthUlty,  et«.  As  lavMtlgatiea  of 
the  behavior  of  eay  of  these  Utoaslve  propartlae  provides  lafdrwAlaa 
about  tha  aecuaJ -order  tnaaltloa. 

The  eeeoad-order  traaaltioM  are  eeeeldered  true  thMtit|Meli 
treesltloea  la  the  eeeae  that  they  are  daaarihahJa  U  lam  af  lha  varlahlaa 
eaergy,  eatropy  aad  tii»aiutara»  They  hm  the  ehamlar  af  eadparaUva 
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pheno— aon,  aod  their  quantitative  theoretleal  traataent  haa  nada  con¬ 
siderable  profrvss.^  Muy  K>dals  that  have  bean  uaad  laad  to  vall-daflnad 
transition  teaperaturas . 

Bcnerer,  there  are  narked  dlffaraacas  la  thn  behavior  of  hl4h  polyaara 
and  aetala,  e.g. ,  In  the  aecood-ordar  transition  region.  The  aost  cowon 
aethod  for  debenslnlng  the  transitlxat  taaperature  la  the  voliaetrlc  aethod: 
whan  the  voliaae  la  plotted  aa  a  fuaetloa  of  tanparature,  tha  slope  shows 
a  discontinuity  at  this  tcaparature.  A  great  nuabar  of  high  polyaera 
b<vve  been  studied  In  this  way  and  gave  evidence  of  one  or  even  aora  than 
one  transition  teaperature.*  It  is  worthwhile  noting  that  In  naay  cases 
the  change  In  slope  Is  on  the  borderline  of  exparlaantal  certainty,  and 
soaetlaes  the  oeasured  points  could  also  be  represented  by  a  curve  Instesul 
of  a  broken  line,  rurtheraore,  the  point  Is  sensitive  to  the  constitution 
of  the  pol'.'aer  and  tha  specific  heat  curves  are  aore  gradual  than  In  tha 
caae  of  "clnaelcal”  second-order  traaeltlons.  It  Is  also  strlhlng  thst 
in  ths  saae  teapsraturs  region  a  softanlng  of  tha  aaterial  occurs,  sad 
that  It  ctei^s  froa  s  brittle  to  s  soft  substance  (ns  ths  tsapsraturs 
Is  raised).  This  traasltloa  Is  thus  also  nailed  the  "glass-liquid" 
transition.  On  ths  basis  of  those  fhets,  the  traasltloa  already  had  haaa 
relnUd  at  an  early  tlae  to  ths  oanet  of  rotatloa  of  tha  polyaar  aoleeulns^ 
and  was  soastlaas  eoagared  with  the  oaaat  of  rotatloa  as  ohssrved  la  tha 
aacond-ordar  tranaltloa  of  hrUroaM  halites  sad  famffUs. 

Aaoi«  ths  fijrst  to  to  aa  esoaatial  dtffnroaaa  hetwoaa  tha  tima- 
altloas  la  high  polyaara  sad  elaanteal  aaeoad-order  tiunltloan  vert 

•Tor  a  aaaurp  of  oarly  data  aaa,  for  aanapla,  lopar  aid  Ipaaaari3 
for  — r^**  of  aora  thaa  oaa  traaaitloa  aaa  latar  la  thla  thaala. 


t. 


Alfr«7,  Ooldflagar  uA  vko,  la  tlwlr  lavaatljatloa  oa  polTStynna, 

fouDd  a  tlM  dapaadaoc*  of  tlM  Mcood-ordar  traaaltloa  polat.  Aeeordlag 
to  th«M  aatbora  tfaa  tranaitloa  than  aaraljr  rapraMnta  tte  taaparatura 
where  the  rate  of  attalBsant  of  aqulUbrlua  or  tba  ralaxatloa  tlae  of 
aoae  Internal  aechaalaa  la  of  the  order  of  tha  tlaa  acala  of  tha  axparlaaat. 
Thua  thla  type  of  a  aeeood-order  trauanltlon  aeeaa  to  ba  detemlnad  by  a 
rate  Trocesa  rather  tban  '  '  a  true  theraodynaalcal  phaae  cteaaa.  L:  fact 
noat  aynthatle  polyMraabov  rotatloa  around  tha  boada  of  tha  chain  back¬ 
bone.  The  rotatlona  are  hindered  by  the  potential  barrlera.  Whan  tha 
themal  energjr  beeanea  (reat  anou(h«  rotation  beclaa.  larller  fuoaa^ 
had  auctaated  that  thla  rata  proceaa  waa  reapoaalbla  for  tba  peaka  In  tha 
dielectric  loaa  currea  which  ba  obaerred  la  polpvlagrl  ehlorlda  and  othar 
poljrnera  hawing  polar  grovipa.  Ba  alao  pointed  to  tha  ralatloa  of  bla 
obaervatioa  to  tba  aecoad-ordar  traaaltloa. 

Aocng  the  firat  to  correlate  the  traaaltloa  polat  with  aaehaaleal 
loan  ware  Sack^  ana  hla  aaaoclatea.  Iona  peaka  ware  obaarwad  alallar  to 
tboaa  found  with  dlalactrlc  naaauratnta.  Slaaa  tha  oaowraaoa  of  alaatla 
loaoaa  la  not  bouad  to  the  polar  growga,  thla  aathad  poralta  tha  atuljr  of 
non-polai-  aubataaoaa  alao.  furthanora,  alaao  ■aataaaf  oal  MMoriaasta  aha 
bo  Mde  aaaUjr  at  warp  low  fraquMOiho,  thap  aap  be  uaafhl  la  airtihiln 
the  fraipieaap  raaga.  Slaeo  the  work  of  Baok  aad  hla  aaaealatM,  tha  atoip 
of  aaehaalaal  loaaoa  haa  baaoaa  a  aaafal  tael  la  tha  lanraatl#ktlaa  af 
aaeoad-ordar  timaaltloa  U  hi#  poApaara.  Xha  priiaat  laaaailihtlaa  la 
a  farthar  avarlaaatal  eoatrlfeahloa  to  thla  flaU,  with  fartlaalar  aaphaala 
oa  tba  laflaaaaa  of  plaatlalalag  aai  arooa>llaklat. 


The  pr»»ence  oi  »  pl»stleli«r  the  ■oblUty  of  the  ctAlns 

tai,  slTJce  the  eecor.i-ordjr  trerailtlaas  are  reOateil  to  ■.Jhlllty  of  the 
polyxnr  chftina,  their  occurrence  1»  Inflwnced  by  the  addltloo.  of  the 
pU*tltli*r.  Boyer  aad  Spencer®  gire  an  eimtloa  relatia*  th*  polyaer 
ftTLCtioB  Wj  in  a  plneticixed  ?oXjweT  to  It*  activation  eoerKy  S  aa 

L  ~  A  3> 

JUiUiing  the  condition*  of  t*otvi»cous  state,  the  viscosity  l|  1*  taken 


to  be  ccastant.  Then 


-.here  A,  B-  and  D  are  constant*,  T  the  absolute  teaperature  and  P.  the 
gu  constant.  The  equation*  are  not  strictly  correct  becauee  the  acti¬ 
vation  enersy  E  Itseli"  cbanGe*  alth  the  adoitlou  of  a  plaetlclaer. 
lautaan:^.  In  his  investlfiatioos  on  polyviiyl  chlorida,  found  that  the 
activation  energy  decreased  with  aa  iacmase  la  plasticiser  content. 

In  particular,  Boyer  and  Spencer  have  drawn  a  curve-based  on  the  wort 
of  Uberrelterl®  on  nltroceUulose  plasticised  with  various  aaowita  of 
triereeyl  pi»sphat*-of  ths  STuure  root  of  the  polyner  fraction  Wg 
against  the  reciprocal  of  traasitloo  tenpeiatvae  T,.  Accerdins  to 
thsoe  authors,  "the  first  i>w  pereest  of  the  plaeUclter  produce  « 
rather  tarksd  lowering  of  r*  ard  reitreefaaU  a  eatuiatloa  or  aentral- 
Isatlon  of  the  hjdrosyl  along  tl*  cellulose  chain.  The  aore 

gradual  decrease  U  Ik  wliich  follows  nsy  then  signify  a  neutraUsatloi 
of  polar  groups.'  Uberreiter  obtained  a  txansitloa  tesaperatwe 

of  to  C  for  his  pure  nitrocellttiose.  With  lOj,  ^0^  and  60^  of  triereeyl 
pbosptete  the  transition  temperature  Boved  dawn  to*>^C,  -3£rt  aad-A3*\: 
respectively.  These  values  were  obtained  fron  vol«»n  Uiwemtope  curvet. 
Such  curves  do  not  describe  the  trtrmacj  dependence. 
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Buecbe,^  ftoa  M*  =je**u.-eMnU  of  tUcou*  flov  of  jolor»tyreo«  of 
▼urylafi  cvnccrtTmtloM  la  »olutloi»  !«  iiethyl  beniene,  bM  ccnputcd  tb* 
Yfilues  of  *.be  4etlv»tloB  energy  •»  •  fMnetlon  of  tbe  conce.itr4tIc3. 
According  to  this  Inveetigator  tbe  MtlwtlOB  energy  varied  froa  2  to 
100  kcai./Bole  in  going  froe  tbe  pore  eolvent  to  tbe  pure  polyaer. 

Vbc  present  vork  was  unierlakca  In  order  to  gather  ttore  Inforaatloa 
about  tne  oecond-order  traasitlaa,  In  particular  with  respect  to  It* 
depeaitace  on  frequency  and  the  degree  of  plastlcitatlon  and  cross- 
llrJtlng,  etc.  It  is  a  eontinu&tloa  and  extension  of  the  Investigations 
by  Voods.l^  sfA-ied  several  high  polytaers  including  pwa  ceUulost 
nitrate.  He  cccjxired  the  viscoelastic  behavior  vlth  the  dielectric 
behavior  of  each  polyoer,  a  procodure  that  -as  also  followed  throigh- 
out  thu  present  voirk.  Woods  found  that  for  ceUulose  nitrate  the  corre¬ 
sponding  transitions  for  viscoelastic  behavior  occurred  at  hlsher 
teuperaturu  than  those  for  the  dlolectric  behavior.  However,  the 
activation  energy  -as  tbe  aace  In  both  eases  and  was  equal  to  about 
4.6  kcal./cole.  Tbe  trantltlon  at  the  lowest  ffsqusney  (  $0  epo  la 
oechanlcal  aeasurenents)  occurrtd  at  -7rf*C  vhlch  Is  vary  dliferant 
fro*  a  vaiue  expected  on  tho  basis  of  Uberreiur’s  axparlasnt  at  lero 
frequency. 

Tbe  Inrestlcatlons  repoi'tad  herein  consist  in  tbs  atudy  of  tho 
dielectric  and  elastic  losses  of  sacples  of  cellulose  nitrate,  pure 
and  plastlclied  and  crosa-linkad  to  tarlous  uegroes,  of  pvore  aad 
plastlclted  ctUalosc  aeeUte  and  of  pure  pwlyvlayl  acetate.  Wood*' 
work  bad  shos-n  tl»t  elastic  losMS  vertuo  Uiceratcre  canrei  tar  poly- 
tIi^I  acetate  showed  peaks  la  a  ragloa  close  to  b«  above  reoa  toopot  - 
taro  for  froqueneloo  at  1  cps  or  oort.  Zt  was  latercstlag,  thoraforo, 
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to  exteai  tlwse  Bo«*tir«ieat8  to  ■tlXl  lower  frwswwicle*.  Dr.  yiory  n*!  hi* 
8a*oclatea  of  CorocU  U&lver*ttj  CiiOtlitry  ]>ej«rtaest  hini  studied  eeUuloss 
acetate  and  It  vae  of  Interest  to  be  able  to  cossiare  results.  CelltOose 
nitrate,  being  one  of  the  eelluloae  deriratlTes  exhlijltl*5  sere  than  ont 
trohaltloa  and  chnractSriied  by  relatlrely  Xar*e  side  chains,  i«s  of 
Intereat  because  the  Inflaenoe  of  plasticization  and  crcos-llnainj  coaid 
b-j  QUbetantial.  it  hai  been  studied  with  regard  to  other  properties  by 
Dr.  Ne«wn  and  Dr.  Urochscl  froo  the  Hercules  Powder  Coepargr. 

Since  (liffercBCt  techniquec  were  used  in  the  different  frequency 
reglono,  the  results  are  represented  in  a  fora  Indepcsaient  of  the  conetaata 
of  the  apparatus.  This  was  achieved  by  interpretlns  the  erperlsientaUy 
sbtainod  qxantitiea  in  ten»«  of  the  resO.  ana  iaaslnary  jparta  of  tha  sodidus. 
Thus  plots  of  G2'  dnd  02"  against  teaperature  are  gieea  thrxmehowt  this 
thesis,  /TUB  the  positions  on  the  teEperatura  scale  of  the  peshs  of  02* 
for  vurious  frequencies,  the  activation  energies  for  the  sacplea  were  ob¬ 
tained. 

A  wialaua  tesiperatwtre  range  of  -1T0“C  to  •♦■130^  bss  been  covered. 
However,  not  all  the  ssaples  have  been  ctudled  over  this  vfaole  raaaB.  Par 
ewrple,  the  plastlelicr  wovOu  evaporate  at  a  rapid  *at«  at  the  higher 
teo^craturei.  In  gtawral  the  pltetlclied  aassplae  eera  not  stable  over  very 
long  tlBea,  but  showed  definite  drifts  towards  a  Icswr  plasticizer  conteat. 

A  frequency  range  of  lO'^  cp#  to  10^  cps  was  eotered  for  Bechinlcal 
■easureaents.  for  eXectrleal  asasurtacBU,  howerer,  the  frequency  eae  wieh 
hltfser;  froa  60  epa  to  2  M. 


II.  TEST  SFECIKENS 
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The  varioua  high  pol>T:u:r  eawples  which  were  Investigated 
during  the  wortt  described  here  are  listed  In  the  table  on 
pages  9  and  10. 

The  ptlyvlnyl  acetate  had  been  prepared  and  used  by  Woods^^ 
In  hl3  measurements.  Cellulose  2.3  acetcte  pure  and  with  "M-17 
santlclzer“  and  cellulose  triacetate  pure  and  plasticized  with 
metacreeol  were  prepared  by  Messrs.  Russell  and  Van  Karpel  of 
the  Cornell  Chemistry  Departnent.*  All  these  samples  were 
prepared  by  pouring  solutions  of  the  high  polymers  on  a  mercury 
surface,  drylr.g  witn  dry  air  the  flla  that  formed,  and  then 
waterleachlng  and  drying  them  again  In  an  oven. 

The  cellulose  nitrate  sa^iples  had  been  specially  prepared 
by  Dr.  S.  Newman  auid  his  associates  at  the  Hercules  Powder  Co.t 
In  general  these  canples  were  obtained  by  spreading  a  solution 
on  a  horizontal  plate  and  leveling  It  to  an  even  thickness  by 
means  of  parallel  blades.  These  samples  were  much  smoother 
In  appearance  and  more  even  In  thickness  than  those  of  Woods 
and  Russell. 

For  the  dielectric  Measurements,  disks  of  diameter 

were  cut  from  these  samples  by  a  puach.  Most  of  these  samples 
were  gold  plated  on  both  sides  for  better  surface  contact  with 
the  electrode  plates.  For  the  process  ol  coating,  the  disks 
were  covered  with  aluolnua  masks  covering  s  belt  of  ^16"  width 


*  The  author  wishes  to  thank  Dr.  J.  Russell  and 
Dr.  R.  0.  Van  Karpel  for  their  help  In  providing  these  samplea. 

t  The  author  wishes  to  express  hie  appreciation  and  thanks 
to  Dr.  S.  Newioan  and  associates  for  specially  preparing  these 
samplea. 
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along  tb«  rJji,  wxJ  then  goldptatod  by  rmporatloi  In  vacnaa. 
Tho  iH«Kple8  were  kopt  about  11"  fron  tha  haatar  In  onJer  to 
■lnlKlz<s  any  lose  of  tn«  plastlelilag  agant.  The  atsplea 
froai  tbs  Herculaa  Po*<3*r  Co.  aare  aaootb  mnov^  mo  tbat  tho 
aoftar  saaploa  could  ba  used  uncoatad  alcbout  lapainns  toa 
contact  with  the  condanaer  elactrodea.  Tt>a  gold  plated  aa«~ 
pleo  were  stored  In  a  dealccator  to  keep  thes*  dry. 

The  aaaples  for  the  aechanlcal  nweaurewenta  were  cut  In  . 
the  form  of  atrtpa  of  approxlsvately  5  ca  x  1  co.  Tboae  Mitlt 
a  hl&hor  elaatlc  wodulua  were  cut  aoaewhat  narrower. 

The  otock  iw>»plea  were  encloaed  In  plaatle  bags  and  kept 
at  roon  temperature. 

The  plsi»tlci*er  ■wtacrcool  cryatalllteB  at  +6®C  and  bolla 
at  217°C  whereaa  K-17  MO’vilcixcr  eryatallir.ea  at  -kcPc  and 
bolls  at  3>.5*C.  for  a^ost  of  the  plaatlcltod  cellulose  nitrate 
atsplea  diethyl  phV;-'il.-::te  tie  used.  Two  aaeolea  were  plaatl- 
clse<:  by  the  ttrXlc  di{2-othjl  baxyl)  phthalate.  ttw 
cellulose  nitrate  for  theeo  two  aarplea  wa»  t*k*n  from  a 
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111.  EXPEHJhtNTAL  PROCEDORES 

A .  Hechanlcal  Menax^pwawita. 

All  p>ea9uren«nts  were  »*de  with  ■Innsoldally  varying 
atres»«8.  Three  different  techniques  were  used  for  different 
frequency  regions,  namely,  frequencies  euch  lower  than  1  cps, 
of  the  order  of  1  cps,  and  nueh  higher  than  1  cps.  In  many 
cases  the  strain  amplitude  was  varied  and  It  was  found  that 
the  results  were  independent  of  this  parajaeter.  Thus  It  Is 
permissible  to  treat  the  sample  as  a  linear  vlsco-elastlc 
material ,  and  to  describe  the  elastic  behavior  under  the 
periodic  loading  by  a  complex  elastic  modulus. 
a.  Low  Frequency  Re>;lon.  (less  than  1  cps.) 

The  low  frequency  response  was  studied  by  ateans  of  forced 
torslo.nal  oscillations.  The  principle  of  this  method  Is  simi¬ 
lar  to  one  u»e<i  by  Phlllppoff^^^  though  the  Instrument  Itself 
Is  quite  different.  The  plastic  sample  In  the  form  of  a  thin 
narrow  strip  waa  attacJved  at  Its  upper  end  b  (see  figure  2) 
to  a  coppar  wire  atretched  vertically  above  It.  The  lower 
end  c  of  the  apccJjoen  was  cla.rsped  to  a  rigid  support.  A  alnu- 
sold.tlly  Tarylc.3  torque  was  applied  to  the  upper  end  a  of  the 
wire  and  was  trancTaltted  through  the  wire  to  the  sample.  Due 
to  the  viscous  daicplng  of  the  aajaple  the  angular  displacement 
of  Its  upper  cod  b  lags  behind  that  of  the  upper  end  of  the 
wire.  Thus  a  p.haae  differenced*  exists  betveen  the  angular 
dlsplaeaments  of  a  and  b,  which  la  a  measure  of  the  dampins. 
Thla  angle  can  be  obtained  In  two  dlffavent  weya.  If  the 
motion  of  a  and  b  la  projected  almultaneoualy  by  means  of 
two  light  baaaa  on  a  eoawon  scale,  then  the  two  light  spots 
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will  cross  twice  during  each  cycle.  This  "cross-ceer  point 
can  be  recorded  and  fro*  ItY  be  calculated.  Frc*»  fig.  3 
It  la  seen  that  If  ©,  .  Is  the  ansul***  dlspUce««nt  of  a.  and 
Ai  Is  Its  amplitude,  and  and  A j  the  corresponding  Quamltlea 
for  b,  then  one  has 

Q,:.  li-U  tl) 

where  w«  anf  Is  the  angular  fr^uency.  The  an^l#  C  at  the 

crofts-over  point  la  then  detei^Xned  by  the  relatlonSa 

©=(<«,  C«*  Sfti  *  c»»  - 42) 

where  t^  is  the  time  at  which  the  crossing  occurs.  Sine* 

—  and  ~  ar<r  In  general  arill,  one  can  use  for  ec«T.*alence 

A, 

developments  In  series  and  one  obtains  In  first  approalaatlon: 

t  -  I  {>-^}  ■-»' 

In  s  typical,  example  the  following  values  were  recorded: 

$-  2.0,  5.7,  2.9;  Aj  -  49.7.  b3.1.  '>9.6;  and  Ag  -  *7-9. 
47.7,  27-7  at  26®C,  0®C  and  -4o®C  respectively.  The  errora  In 
y  due  to  neglecting  higher  order  terns  are  6{1,  a«*  3^- 

However,  the  error  In  reading  the  various  «m'mtltles  o*»  toe 
scale  Is  t  .1  Which  yields  eoi  error  for  the  single  reading  of 
about  4jt  ab  -40®C  where  the  lose  pc^lt  occurs  la  this  ease. 

At  higher  tcrspeniturcs  due  to  the  decrease  Of  the  elastic 
nodulus  of  the  sarples,  Ag  becoaes  nearly  e<iual  %o  A j  the 

method  Just  discussed  becomes  unpreclse.  Oader  these  ccnll- 

C  1* 

tlons  another  procedure  Is  follcwedt  the  angle^vS  measured 
at  that  time  whenO,  -  0  andy-  ^  ,  using  sgala  the  first 

approxii&atlon  only.  This  method  was  used,  for  etaaplo.  lo  tne 
case  of  polyvinyl  acetate  which  ht't  a  transition  tfai>#rat*re 
near  35°C  and  baa  a  low  modulua.  The  maxlmvss  value  of  S 
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0.09  Mhllc  Ag  Mpre*«*d  u  oia^^nce  ot.  *c*i*  ii>«a  dr>oar 
.  Cf?'-  for  recoixilng^Khiin  O,  <■  u  i;.  is  tw«<l^ss«o'  10  i'oUow 

tne  Cho  3poi,3  ,  Miller,  xs  jiOi  is  co{'.T,-..l*rti  as 

the  «C3ei-va:ion  of  tt.e  crusa-onvr  po^r.ts.  Xaitex' 

laetiwc  vas  aikaja  preierrea  t.ie  cor„jxtl>>hs  peiultceu  it. 

The  phase  a.ible  'f'  at,  ces.eiTiir,e4  a>-  the  tina  i.et.'Xica  Jjsi 
.^ehtloneii  cah  no<  be  related  :o  t,'»e  aneiastic  ca-vsiaaia  of 
sai.pla.  Let  be  t.  e  cotpiex  a,-e«.- t».aiua  or  lae  copper  k*ie 
and  U,  a  co.nata;,t  nepeiioln*  oa  it^  *.=o-.elric*ll  Ci_e_ai.-,.'js.  aao 
sli.illarljf  O2  wiocfj  cne  eorrespoatkini  ^usu.tities  ior  me  a&nple. 
ihen,  as  Io.~,^  as  cne  1  r«f<iu«,-»cy  or  tne  torsional  oscillations  W 
la  much  lover  than  the.  reaona.'ice  frequency  of  tne  aastple^ulre 
syatea  (which  la  greater  than  lOO  cpa),  one  baa 

and  since  and  Oj  are  both  complex 

Caj  ^  ....(5) 

Writlnit  e,  and  as  '^respectively,  on. 

obtolna: 

+  '-0*)  i-  (G-,  - (6) 

frota  eaieh  Op*  and  Gg"  can  he  calculated 

c-;-  ^  ....(7, 


and 


...(8i 


Because  Is  tcall--  the  olghest  values  observed  were  about 
.13--TOe  eaa  again  use  a  first  approxlAatlon  ani  wrltei 


and 


- -s*' }  •-») 


...(10) 


Th*  valutt  of  the  footer  lo  of  the  order  of  3  x  lO'^ 
oo  detemlned  experiaentally  by  replacing  the  polymer  eaiople 
by  a  copper  olre  olmllar  to  the  one  weed  aa  euspenalon.  Thla 
value  Includea  the  loasea  due  to  the  clamping.  The  largest 
value  of  Y  aa  mentioned  above  was  0.15,  the  values  of'ii  are 
of  the  order  of  2  to  3-  The  last  ter®  In  the  bracket  In  equa¬ 
tion  9  is  of  the  order  of  lO'^  ahile  the  first  term  lo  of  the 
order  of  1.  In  most  cases  the  last  term  can,  therefore,  be 
neglected. 

In  equation  10  the  first  term  in  t'le  bracket  has  a  value 
of  the  ordtr  of  3  x  10*3  near  the  transition  region  while  the 
second  term  is  of  the  order  of  2  x  10"1.  Thus  the  first  term 
la  about^^^th  of  the  second.  Neglecting  this  term  Is  there¬ 
fore  also  juistlfled.  In  the  atrxlllary  experiment  using  a 
copper  wire  irr  place  of  the  semple  It  was  found  that  the 
diiiipirg  duo  to  the  wire  aad  the  clamping  was  nearly  constant 
throughout  the  whole  temperature  range  and,  therefore,  though 
the  first  tera  affects  the  abcoluto  values  of  Qg“  it  does  not 
Chang#  the  position  of  the  peak  ss  a  function  of  temperature, 
the  study  of  which  lo  the  prine  objective  of  this  work.  Ths 
absolute  values  aro  also  Influenced  by  tha  Inherent  uncertainty 
in  the  values  otCC^  and  Cf^.  There  errors  ears  caused  by  im~ 
evenness  of  the  dimensions  of  ths  sanples,  unsvsn  clamping  amt 
some  stretching  during  ths  experiment. 

A  schematic  dlagna  of  the  apparatus  used  for  this  type 
of  Beasurement  Is  shown  In  figure  2,  and  a  photograph  of  the 
equipment  is  glvsn  in  flgurs  1.  In  Its  latest  design  it  could 
operate  at  ^hs  frequencies  5.8  x  lO*®,  I.5  x  10*2,  3,6  x  10*3^ 
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and  9*0  X  10~^  eyel«8  p«r  Mcond.  Tbe  ■inuaoldalXy  varyli^ 
toi^que  was  applied  by  neana  «f  a  caa-opentted  aechaniaa.  Tbe 
rate  of  Qaclllatlons  could  be  changed  to  any  of  the  four  values 
by  shifting  gears  in  the  drive  aechaolsa,  while  the  siaplltude 
of  the  applied  torque  cou3d  be  varied  by  repositioning  an 
adjustable  pivot.  Motor  and  gears  were  outside  a  can  which 
contain ,d  the  sample.  The  motion  eo  generated  was  transferred 
through  a  magnetic  coupling  to  a  carriage  supported  on  Jewel 
bearings  Inside  the  can.  This  provided  a  very  simple  means  of 
transttlttlng  the  torque,  elialnatlng  the  r.eed  for  a  moveable 
vacuum  Joint.  However,  because  of  the  lack  of  rigid  coupling, 
the  siaplltude  A;  verled  somewhat  due  to  the  variations  In  the 
elastic  properties  of  the  sas^ple  ae  the  teai;v»rsture  changed, 
even  through  the  amplitude  of  the  ■otloh  of  the  magnet  was 
kept  constant.  The  cell  was  evacuated  by  of  a  fore- 

pump  during  the  experiment  In  order  to  avoid  condensation  of 
the  BOlsture  In  and  arovuid  the  sairple.  As  already  nentioned 
by  Voods,  the  pretence  of  laolstui-o  In  the  oii.ple  can  shift 
the  position  of  tbe  loss  peak.  In  a  slrllar  wciy  as  Is  observed 
with  tbo  addition  of  a  plasticizer. 

A  copper  wire  of  3-5^  x  10"^  csi  diameter  cutild  be  screwed 
to  the  lower  end  of  the  carriage-  The  lower  end  of  the  wire 
was  soldered  to  •  thin  stainless  steel  tube  which  bad  a  brass 
elaap  b  at  tha  other  end.  This  brass  elznp  aeenred  tbs  other 
end  of  the  polymer  scaple  In  form  of  a  strip  of  about  3*1 
z0.03  ema.  The  lower  end  of  tbe  aastpla  was  bold  fixed  In  a 
bast  elsjip  at  the  bottoa  of  a  doubla  walled  cylinder  which 
aorvod  as  a  cooling  or  heatlikg  Jacket.  This  claiv  did  not 


*■1 
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permit  any  rotation  of  the  lower  end  of  the  eample  atout  Ite 
vertical  axle  but  permitted,  by  means  of  two  springs,  some 
compensation  of  uneven  stretching  along  Its  two  vertical  edges. 
The  copper  wire  was  stretched  straight  pulling  the  sample  up¬ 
right  and  was  then  screwed  to  the  carriage.  The  Jacket  was 
held  In  position  with  two  stainless  steel  pipes  which  served 
as  inlet  and  outlet  for  liquid  nitrogen  for  cooling  or  for 
hot  air  for  heating.  It  was  possible  to  siake  measurements 
down  to  -le^.'^C  and  up  to  +4p°C.  For  heating  to  still  higher 
temperatures,  up  to  about  infrared  lampe  were  employed 

to  heat  the  whole  cell  from  outelde  and  air  waa  let  Into  the 
cell  to  improve  theheat  tran.sfer  to  the  sejaple.  The  teapera- 
ture  could  be  maintained  to  better  than  a  degree  for  a  period 
of  ono  minute  except  below  -l‘*u'''C  where  the  rise  in  teraperature 
waa  somewhat  faster.  For  the  very  low  fi^equencles  where  the 
period  wao  of  the  order  of  minutes,  the  temperature  changed 
slightly  during  the  time  needed  for  the  measurement,  and  ths 
tempcrtituro  was  read  before  and  after  each  measurement,  and 
an  averego  was  taken.  The  temperatures  were  nsasurod  by  means 
of  two  coppor-constantan  themocoupleo,  one  placed  near  one 
end,  and  the  other  near  the  middle  of  the  eample.  An  average 
of  the  two  readings  was  taken. 

Two  mirrors  were  mounted  on  the  carriage  and  on  the 
upper  damp  of  the  staple,  and  two  spots  of  lights  were  re¬ 
flected  onto  a  curved  scale  of  radius  of  curvature  183  ems 
and  placed  at  about  IbO  cm  from  the  mliTora.  The  positions 
of  the  two  spots  wers  adjusted  to  coincide  when  the  sample 
was  unstrained.  The  spot  from  the  lower  mirror  was  very 
sensitive  to  outslds  vibrations.  Foam  rubber  cushions  were 
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put  under  the  three  less  ef  the  angle  iron  stand  which  supported 
the  cell.  In  turn,  the  wooden  hoard  which  supported  the  stand 
rested  on  compreasod  rubber  ahocS  absorbers. 

During  the  cooling  heating  sobie  ssjsples  twisted,  prob¬ 
ably  due  to  internal  stresses  introduced  during  the  preparation 
of  the  sheets  of  icaterlals  frba  which  the  s&aples  were  cut. 

■ftils  shifted  the  center  position  of  the  light  beams  and  asde 
Its  readjust^nt  necessary  as  vhe  tenperature  changed.  Messure- 
Qents  were  more  reproducible  when  the  sample  was  wanning  up  after 


being  cooled  down  to  the  lowest  desirable  temperature,  though 
some  runs  wjre  nade  during  cooling  also.  In  order-  to  check  If 
there  was  any  hysteresis.  If  the  rate  of  cooling  was  slow 


enough,  no  such  effect  was  found. 


The  georetrlcal  constants  cCj  .  and  ^3^  were  computed 
according  to 

7T  K 

.,..(11) 


2.4 


and 


- 

where  R  Is  the  rcdlus  of  the  wire  and  .i  Its  length,  and  w,  t 
end  1,  are  the  width,  thleluieea  and  length  of  the  ecirplo  re- 

spectlTcly  . 

b.  The  Kedliri  Frerwncy  Rerton. 


For  frequencies  of  iprrrr.lr.rtcly  one  cycle  per  aecend, 
the  decay  of  the  srplltutle  of  otclllatlona  of  a  freely  vibrat¬ 
ing  torsion  pendulua  was  weasured.  The  pendulua  consisted  of 
a  copper  wire  and  a  narrow  strip  of  the  polymer  aaaple  in  aerlca 
as  shown  In  figure  4.  The  upper  end  of  the  copper  wire  and  the 
lower  end  of  the  polymer  aanple  were  clasped  rigidly  to  the 
support  systsa.  An  Inertia  nember  waa  nbunted  at  the  place 


i 

I 

i 


i 


*th«r»  tlM!  wire  attnchsiJ  to  the  poljn*er  Thl#  ise*l>«r 

WR*  rotist#<J  th«  vortical  axla  twisting  the  wire 

and  tho  aajtjJle,  and  waa  then  roloaoed,  petting  the  pendulua 
Into  a  dfriwed  free  rotary  oaclllatlon.  As  long  as  the  damping 
is  not  too  high,  one  can  write  the  e^witlonB  of  motion  using 


ecnplex  moduli: 

X  e  * ®  ...-(13) 

rfj,  G-i  aiv!i«4  G-j,  refer  to  the  same  Quantities  as  in  tho  case 
a.  I  is  the  iRce-ent  of  inertia  of  the  pendulum  bob  and  S  the 


angle  of  tore ion.  Setting 

Q^G^e.  «  © 

ono  obtains 

and 


-^iKi  -  l£ii  -  a 


....(14) 
....(15) 


G." 


tils  r.3iLi”T’<a  value  of  S  ever  recoix'td  in  these  experiments 
W513  lesa  trnuO.J.  therefore,  rus  about  10’^  end  the  bmwI- 
■vra  values  of  f^  were  about  10  for  I  -  81  ga.  cn^,  j^a  about 
1  for  1  -  IS'O  gi.  c:g2.  r,  'Cfore,  in  «c.i!atlon  15  the  second 


tern  on  tie  right  slie  la  about  400  tlaes  saaller  than  the 
first  ters.  ard  cr'-a  thus  ba  neglected.  In  equation  16,  how¬ 
ever.  the  cocond  term  on  the  rig-ht  toil  aide  is  not  nccliglble 
especially  rhea  S  ie  rru-ai.  Eosever,  Oi"  as  Kcntloned  earlier 
varies  ""ty  little  with  teeperuture.  This  tena,  therefore, 
though  ehasglns  absolute  value  of  Qg"  «*®®®  affect  the 
position  of  toe  treasltion  pe&lc.  This  ter*  has  been  neglected 
In  the  eonsputatlona  aerely  for  aahe  of  oonvenlcnce. 

the  logarltlailc  decreaent  iB  detenalned  by  observing  the 
of  oecUlatlon:  S  le  given  by  >r 


MpUtwte  of  tb«  fixate  and  (nfl)tb 

oaclllatJon.  Knoving  I,  CTj  free  geofMtrlcal  dlaeruilona 

and  obtAltitcg;  6  and  f2  frmi  tfco  O^*  ®2* 

bo  eoaiputed. 

It  sboHld  be  Kentloned  bene  that  the  fonsxjlae  develoi>ed 
above  are  valid  «nl7  if  tfce  ayai'a*  ean  be  conaldered  as  one  of 
One  degree  of  freedoa,  l.e..  If  tie  frequency  of  the  penduion 
Is  very  lo*  aa  eosipared  to  the  r(rsK«»n«e  fraquetwles  of  the 
torsional  vibrations  of  the  wire  and  the  aaaple  alone.  Thla 
condition  iiaa  always  fulfilled  in  these  experisients. 

The  SAWS  enclosure  vaa  «ri»e-l  aa  in  aethod  a,  see  figuure  1. 
The  forced  torsion  artaffsgwwent  ireis  replaced  by  the  torsion 
p«"»d«lw!»  aseeobly.  for  this  yurivsse  the  upper  carriage  with 
Jesiei  bi'.iirlt'.gB  was  fepltce*!  by  a  fixed  clrjv  to  sjhlch  the 
upper  end  of  the  cepp.er  wire  erJS  attacJiod  by  neans  of  a  screw 
at  a.  Eva  loner  eivl  Of  the  cepp-T  clr*  «;  ->s  soldered  to  a  tbln 
stainless  steel  tvbe  idjx-h  c-.rsiR'd  a  cisrp  b  at  Its  lower  end, 
and  the  wppar  ea't  of  the  s-r.'s-.tle  t.zz  elaxped  at  b  while  Its 
lower  eai  t?as  eacurod  in  tbs  tamo  clirp  at  the  bottoa  of  the 
coolli"<3  In  the  esaae  scra-ffr  e.o  in  rethod  a.  Ourlng 

wointins  of  the  sanple  the  upp-jr-  srrl  of  the  wire  was  stretched 
a  little  and  then  screwed  tigit.  A  borlsoatal  flat  iron  bar, 
welded  at  Its  center  to  the  rtainle.^  cteol  ttibe  and  carrying 
at  Its  two  ends  two  brass  ei'ps,  foreed  the  Inertial  aexber. 

The  cups  could  be  filled  with  lend  shots  or  interchanged  with 
heavier  bloelis  to  provide  different  nanents  of  Inertia  and, 
therefore,  different  periods  of  oseiUatioa. 
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Wrectly  undernetth  the  p«nduluB  bar  an  electro-nagnet 
i.aa  placed  such  that  Its  pole  pieces  were  displaced  by  about 
10  degrees  eith  respect  to  the  axis  of  the  bar  when  the  latter 
was  at  Its  rest  position. 

The  whole  assaably  was  enclosed  In  an  outer  Jacicet  not 
shown  in  the  fiEures  2  and  4  but  visible  In  the  photograph 
figure  1.  the  enclosure  Is  covered  with  a  layer  of  asbestoa 
to  reduce  heat  conduction,  and  was  evacuated  ao  that  besides 
rewovlng  ooisture  from  the  cell  and  the  sample  It  alao  reduced 
daoplng  due  to  air  friction  to  a  negligible  amount. 

The  electpowasnet  was  cnerglatd  by  means  of  a  relay  for 
a  abort  period  only,  so  as  to  Impart  an  Impulse  to  the  pendulaa. 
If  tho  field  were  left  on  for  a  longer  period,  additional  danp- 
ins  would  be  created  by  the  motion  of  the  bar  In  tlie  magnetic 
field.  Since  the  Irpulse  was  of  the  s-swe  6J»Enltudo  every  tiae. 
It  started  osolllatione  of  aiwoBt  tl*  aaro  Initial  amplitude 
for  one  act  ot  readings  at  caca  to  oei-atur*. 

A  cn-.H  nlnor  Kocatod  on  tho  t«bo  uU)t«  the  bar  reflected 
a  epot  of  light  onto  a  scale  juct  as  la  stothod  a. 

Up  to  twenty  oacllli'.tloas  were  tlaed  to  obtain  the  fre¬ 
quency.  Tho  KKplitudeB  before  and  after  any  a  osollUtlona 
were  noted  and  S  computed  froa  theso  ref.aiaf;'i.  Cooling  or 
heating  and  recording  of  teaperaturea  wca  Just  as  In  method  a. 
values  of  I  were  calculated  frea  the  welg:.t  of  each  ■ember  of 
the  pendulum  and  Its  geoaotrlc  dl»cnslooa. 
c.  The  High  Precuaney  Systsm. 

Most  of  the  Beasureaenti  at  frequencies  greater  than 
1  epa  were  Badt  by  Woods^i  however,  eubaequsnt  to  tola  worit. 
hla  equlpoent  was  •odlfled  slightly  and  a  few  additional 


■eaaurements  made. 

Wooda  alao  measured  the  d«cajr  of  the  amplitude  of  vltratloa 
of  a  freely  oscillating  body,  but  In  hla  caie  the  osclllatlona 
mere  the  transverse  flexure  of  a  reed  and  the  systea  «as  not 
loaded  with  a  mass.  Since  sotne  of  the  aarjples  were  very  flexible 
and  not  stiff  enough  to  Iceep  themselves  In  a  fixed  position  or 
to  support  a  drive  coll,  and  since  damping  took  such  high  values, 
that  the  vibration  of  the  sample  alone  mould  have  been  nearly 
aperiodic,  a  conpoalte  oscillator  was  used.  A  braaa  strip  uaa 
elaaped  at  one  end  and  the  sample  mss  attached  to  It  at  the 
other  end.  The  aetal  mas  excited  Into  transverse  vibration 
and  Its  decay  mas  measured.  By  adjusting  the  ratio  of  the 
masses  of  the  metal  reed  end  that  of  the  speclme.-i.  a  daaiplng 
of  the  composite  oscillator  coulu  be  obtained  that  aaa  In  the 
optlnun  frequency  range.  Since  the  polyner  sample  Influences 
only  to  a  aaoll  degree  the  resonance  frequency  but  essen¬ 
tially  dotei-a-lnga  Its  damping  5  ,  It  waa  found  that  f^^  varies 
only  llttlo  with  teraiOerature.  Aa  a  consequence  S  of  the  whole 
oystera  and  Qg"  of  the  aample  are  proportional,  with  a  propor¬ 
tionality  constant  which  is  practically  constant  for  a  coixplete 
temperature  ran. 

To  excite  the  vibration  a  axnll  ooll  of  about  100  turns 
of  na.  A.V.G.  and  weighing  about  3  ga.  was  ettachod  to  the 
end  of  the  metal  reed  In  the  case  of  the  composite  oscillator, 
or  at  the  end  of  the  plastic  sample  In  those  cases  where  It 
was  stiff  cxiongh  to  support  the  cell  (e.g.  pure  eelluloae 
nitrate) .  The  samplee  were  of  the  order  of  3  x  ^  cm.  cut 
free  the  same  abeets  as  the  aaeplaa  used  In  methods  •  and  h. 

The  coll  lay  between  the. pole -pieces  of  a  load speaker  type 


permanont  BAgn^t.  (see  figure  5)  «  •Ignal  fe4  into  the  coll 
from  an  audio  oeclllator  waa  tuned  to  the  reaonance  frequency 
of  the  ayates.  The  oaclllator  output  level  could  be  regulated 
ao  aa  to  keep  tlie  eaipUtude  at  a  desirable  value.  By  mean*  of 
tuo  relaya  the  input  signal  ttaa  then  cut  off  end  the  coll  leads 
were  immediately  connected  through  an  amplifier  to  a  counter 
with  dlacriainatlon  which  was  so  adjusted  that  the  counting 
stopped  when  the  amplitude  waa  below  4  of  the  original  value. 
These  functions  are  shown  in  flgvire  6.  The  reciprocal  of  the 
number  of  counts  roglaterod  by  the  counter  gave  the  value  for 
^  .  The  signal  could  also  be  viewed  on  an  oscilloscope.  A 
band  pass  filter  was  Inserted  in  the  circuit  In  order  to  cut 
down  the  noise  and  outside  pick  up. 

The  aanple  end  the  nagaet  were  covered  with  a  double 
walled  Jacket  (oee  figure  5)  which  could  be  cooled  by  pumping 
liquid  nitrogen  through  it  aa  in  previous  jsethod.i  or  heated  by 
sieans  of  heatlr<;  oolla.  The  tessperatures  were  raeaaured  by  two 
theitoocouplea  mounted  on  a  dawry  ssjepla  elffisped  parallel  to  the 
earople  unJer  ihvectlcntlon.  The  eell  wtia  eTr.ci»tcd,  For  every 
value  Of  the  tcf^perature  an  average  of  at  lesat  five  counta  of 
n  was  taken. 

The  Tarlatlona  In  the  counts  of  n  were  cav.tcd  to  a  large 
part  by  the  alight  variations  In  the  w^Jrtnz  and  breaking  of  the 
To  avoid  this  cause  of  error,  the  netbod  was  somewhat 
changed.  A  tiny  penianent  jaagnet  was  attached  to  the  aajtple  on 
the  oppoalte  side  of  the  coll  and  dlaplaced  f  n»  the  axla  of 
the  coll.  The  nagnet  aoved  Inside  another  coil  of  a  great  nua- 
ber  of  tuna  and  connected  to  the  acope  and  the  counter  through 
the  aaae  aapllfylng  circuit,  vith  this  arxangeaeut  the  relay* 
were  cUalnated. 


The  naln  dlffi';ulty  with  thla  eyetea  mns  the  fact  that 
the  composite  oscllletor  could  vll>rate  In  »ore  than  one  mode, 
unleee  the  braso  reed  and  the  epeclwen  were  ccmpletely  matched. 
Since  the  elastic  properties  of  the  a*«ple  changed  markedly 
with  tempera  til  re,  the  coopoalte  oaelllator  also  changed  its 
mode  of  vibration  giving  rise  to  peaks  that  were  difficult  to 
Interpret  <|Uantltatlveljf . 

Various  other  modifications  were  tried,  auoh  as  clamping 
the  sample  on  »>oth  ends,  taking  resorance  curvsa  Instead  of 
decay  times,  and  ©there,  but  In  general  the  results  were  not 
entirely  satisfactory.  It  became  clear  that  for  these  samples, 
with  their  very  special  properties.  It  would  be  necessary  to 
develop  a  new  method.  However,  since  time  was  lacking  to  under¬ 
take  new  d«velop«w.nts,  and  since  the  ror.ults  are  believed  to  be 
of  general  Interest,  If  not  entirely  Quentatlvely  satisfactory, 
they  ere  Included  In  this  report, 

•B.  c:<il»ctrle  K:t.fiurcecnta. 

If  tho  B&iTjple  forms  part  of  the  dlolectrlo  fcodlua  of  a 
condonosr,  tJw  lK.L3lnary  of  the  co’»,'>le.'t  d  .wlectrlc  con¬ 
stant,  can  be  detorcilncd  from  »  0/w  ■(•"Co  where  Co 
la  tha  capacity  of  th®  condenter  in  Vacu^ri,  R  the  resist¬ 
ance,  0  tha  conductance,  and  w  tha  arc:;ular  frequency  of  tha 
applied  electric  field.  With  a  conventional  bridge  circuit. 
Woods  tacacured  Q/w  end  capacity  C  of  polymer  saicplea  over  a 
teeperature  range  of  -leo^C  to  +150='C  and  for  frequenclea  of 
30,  152,  552,  5520  cpe.  Since  Cq  1*  •  cc.nstant  Indapandeot 
of  tanporstura,  tha  behavior  of  £••  with  te.»perature  can  ba 
described  by  plotting  0/w  versus  t®C  curves. 

In  tha  present  work,  the  Beaaurlng  cell  used  was  the 


»«ii«  **  tia't 


Wccda  wltia  slight  »odlfle»tton3  with  i%»p«ct 
to  the  »ctftoi  of  centrollli'-«  te-sj^rsiturw .  Bse  cell,  Ul«»- 
tr»t*d  la  Flc-  7.  could  ba  evAcweted;  eoollag  w*»  don*  with 
llipild  Kltr«i7KB,  *n<l  be^tlB^i  i>7  Mlchre««  eolla.  Th*  ta^lM 
were  la  tlw.  for*  of  clrculaur  dlwloi.  pr«»iow»ly  deecrlbed, 
•anirflcned  between  two  ctrwfully  ourfeced  br*»»  dleka,  For 
f«qv»r.ot.B  fre«  60  epo  to  ^0  kc  it  reeUWww  ce-pBoltimcw 
B.c.  brldse  Radio  7l6-c  Erldse)  wM  uaed.  For 

fretjoeieles  »bove  50  ke  *  Q-*irster  (Soonton  Radio  Corp.  TJrpo 
160a)  v>5t  u'le.  TMo  inetrvnsont  reads  diroctly  tho  Q  valuo 
of  ts»  «yf  tc«  and  fro»  thla  the  0/w  was  coi^utad.  Samples 
were  atuetled  fren  frequonelea  frt>^»  60  epa  to  2  «cp»  st  t*»- 
p«r«twre*  frt*  -170°C  to  *TXfc  approxlmtoly. 
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17.  SXPBHlXSrm  RESULTS  AND  DISCUSSION 

Introduction.  It  1b  accepted  that  both  electrical  and 
mechanical  loseea  obey  relaxation  laea  and  can  be  represented 
In  good  approximation  by  the  for* 

li-o^T 

or  by  a  sum  of  ouch  terms  with  different  relaxation  times,  'f. 
In  the  studies  reported  herein,  tha  main  interest  was  given  to 
“^ax »  temperature  at  which,  for  a  given  frequency,  CO  , 
the  losses  show  a  naxlmum.  For  this  temperatura,  CoT  =  I  > 
and  thus  one  obtains  a  value  for  '7~  and  Its  variation  wltn 
temperature. 

Relaxation  phenotiana  are  often  explained  by  a  rate  proceas 
expressed  au  an  exponential  te.mporature  dependence,  of  the  form 

Kh''i.e  E  Is  the  activation  energy  of  the  molecular  pi'oceat. 

The  validity  of  this  concept  can  be  tested  by  plotting  In.f 
vs.  l/T  where  T  -  %aix  frequency  at  which  the  loss 

is  measured;  ‘J~  -  l/oo  at  T^nax- 

If  the  relation  above  Is  correct,  la.f  VS.  l/H-.- 
Bhould  be  a  straight  line  Independent  of  how  many  relaxation 
frequencies  hove  to  be  assumed  to  represent  th#  lost  currea, 
provided  all  relaxation  frequencies  are  related  to  a  alngl* 
activation  energy,  PerrylS  has  ahown  this  to  be  true  for 
the  aubettneea  studied  in  this  Investisatlon.  Ihersfore 
Hlll  be  used  for  the  study  of  the  temperature  dependence  oif 
the  losaes. 


Part  1.  Folyvlnyl  Acetate. 

Both  nechanlcal  and  slectrlcal  loaa  aeasuj^enta  were 

( ■W,  'z. ) 

made  on  thla  material,  noatly  by  one  Individual^ In  the  labora¬ 
tory,  but  acme  measuresienta  were  repeated  by  a  aeeond  Inveatl- 
gator  later  with  aodlfled  equipment^ and  were  extended  to  lower 
frequencies.  The  laechanlcal  loss  aeaaureoents  shown  In  figure  8 
were  taken  with  the  vibrating  reed  systec;  those  shown  In 
figure  9  and  10  with  the  torsion  pendulum.  The  latter  figure 
llluetratea  one  of  the  probleoia  In  making  these  Beesuressenta,- 
the  effect  of  adsorption  of  water  vapor  from  the  ataosphere. 
Heasurenenta  taken  with  carefully  dried  air  gave  the  oa» 
results  as  for  the  vacuum  case. 

As  seen  In  figures  8  and  9  the  temperature  dependence 
of  the  frequency  has  an  inflection  at  about  the  same  tempera¬ 
ture  as  that  of  the  mexlmua  loss.  In  figure  8  the  dashed 
curve  was  rvn  ono  dsiy  later  than  the  others ,  as  n  check  on 
the  reproducibility  of  the  ireasurereents.  Harked  "plastic” 
flow  of  the  sanple  begjui  at  about  75®C  and  hence  United  the 
aecbfcnlcal  losa  cbsert’atlons  to  teaperaturee  below  thla  value. 

To  explore  further  the  effect  of  room  air,  the  electrical 
loss  of  poljTlr.yl  acetate  waa  aeasured  (by  the  method  shown 
In  ficura  7)  at  four  widely  sepexated  frequenclca  In  room  air 
and  In  vacuua.  In  flguro  11  the  peaks  only  of  tba  loss  cunraa 
are  ehown  and  the  effect  of  moisture  ^orptlon  la  clearly  aecn. 
Since  water  Is  plaatlclaer  for  sowe  polyiMra.  and  plaatlelxera 
lower  the  transition  temperature,  the  effect  la  not  unexpected. 
Ko  shift  in  losa  peak  waa  found  for  dry  air  ao  care  waa  taken 
to  keep  the  aamplea  In  dry  air. 
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Electrlcal  loasas  Q/OJ  aind  dielectric  conetant  ve. 
tenpereture  are  sho.ii  in  figure  12.  The  aymjnetry  of  theae 
currea  lenda  atrength  to  the  electrical  loaa  theory  with  only 
one  relajcatlon  constant  "f  ,  In  the  Cole-Cole^^  plot  of  this 
date,  figure  13,  €"  ra.  6j  at  63®C.  the  angle  ^  *  Pt 
la  a  neaaure  of  bow  closely  the  losaea  approach  those  for  a 
single  relaxation  tine  for  which  Oi  —O  .  In  this  data. 

Of*  0,1.  There  la  also  evidence  that  the  real  part  of  the 
dielectric  constant  (  6'.)  has  an  Inflection  point  at  Tmlx 
(aee  figiu^  12)  as  predicted. 

Both  mechanical  end  electrical  loss  r.eaeurementa  were 
taJten  over  a  wide  temperature  range  (-160°  to  +20°C)  with 
constant  (but  different)  frequency.  A  not  very  aharp  peak, 
eee  figure  15,  exirta  for  the  electrical  losa  but  only  an 
inflection  was  found  in  the  mechanical  loaees.  The  marked 
increase  in  loss  besinning  about  -40°C  is  the  tall  of  the 
loaa  cui've  observed  at  blghor  temperatures  and  is  believed 
to  be  du3  to  a  different  loss  mechanlsa  than  that  of  the 
peak  in  figure  15.  Also  the  absolute  value  of  the  peak  in 
figure  15  is  an  order  of  mconltude  lower  than  the  "higher 
teisperatiue"  peak,  and  the  activation  energy  is  much  lower. 

iJi.f  (where  f  -  oy  2  ft-  )  vs.  lAnax  1*  shown  in 
figure  lA  for  both  types  of  measureaenta .  The  fiiet  work 
was  done  by  Voods^^  and  extended  by  Vardhan^^ ,  who  carried 
(with  modified  equipment)  the  mechanical  observations  down 
to  2.3  X  10~^  cps.  Woods'  data  (upper  part  of  graph)  gives 
AQ  activation  energy  of  57  ACal/mole  which  is  in  good  agree¬ 
ment  with  the  value  of  59  reported  by  Meeds  and  ruoaa^. 


I 
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In  ecienilns  the  E*iauretjent»  to  2.3  *  10'^  cps  the 
techr.lqoi  oT  t^o.'AXa^  when  used  and  the 

position  of  th&  loss  p«ai  ulth  te.-pemtui-e  studied  as  the 
sampls  *=3Jt  4aLn::^  and  cooled.  A  difference  of  about  1®C 
In  the  ptsltlsa  aas  found. 

Th»t  tte  activation  energy  Is  not  cor*sta.nt  but  changes 
for  lo»er  fre^isncles  Is  definitely  established  by  Vardhitn's 
aeasurenents.  If  one  interprets  the  curve  as  tuo  separate 
straight  lines  as  IS  Indicated  in  the  figure,  a  value  of 
120  KCal.  results  for  the  low  frequency  portlnn.  The  recip¬ 
rocal  cf  the  transition  temperature  (30°C)  as  detemlned  by 

tf  .•! 

Kokes  and  Ichg  fron  diffusion  c-easurenents  Is  3-3  *  10 

the  last  scale  division  shown  In  flgui-e  14.  All  the  loss 

peaks  oi*e:ved,  even  at  the  Icuest  frequencies,  ai'e  still 

at  higher  terperatures  than  the  transition  terperature,  and 

one  Is  t'Etpted  to  speculate  thiit  the  transition  ttxiperature 

is  the  Unit  to  which  the  peak  would  aove  If  the  frequency 

approaches  zero. 

Fart  2.  Crllulase  Acetate. 

I*. 

hkchanical  Ices  ceasureoents  were  loade  by  hoods  on 
pure  2.3  acetate  only.  Electrical  losses  and  dielectric 
consuant  uere  teasured  by  both  Woods  and  VarChan*^  for  pur* 
2.3  acetate,  and  by  Vardh-in  only  for  cellulose  2.3  acetate 
Mlth  H~17  santlclzer,  cellulose  triacetate  and  cellulose 
triacetate  plasticized  ultb  netacrcsol.  All  the  obser¬ 
vations  eere  cade  over  the  teoperature  range  -l&O'K  to  4130*4:. 
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The  electrical  leasee  0/«m  »•.  teKpermtur*  at  four 
fx*«lttencies  for  pure  cellule#*  acetate  are  shown  In  figure  16. 
this*  pealcs  are  bred  and  not  aiis*t.Btrlc*l;  the  Inflection 
point  of  the  real  part  of  the  dielectric  constant  curve  la 
not  clearly  preaent  and  does  isot  correspond  well  with  the 
JsaxlKun  of  the  loss  curve.  It  1*  believed  tbat  these  low 
temperature  losses  have  a  different  mechanism  than  those 
found  at  high  terperatures  In  polyvinyl  acetate. 

For  puivs  cellulose  triacetate,  the  loss  O/*^  vs. 
tewpemture  are  shown  in  figure  17.  At  the  lower  three 
frequencies  two  peaks  are  apparent.  The  peak  appearing 
at  tfirperatures  froa  -65®C  to  gives  an  activation 

energy  of  9.5  ECal/nole.  Only  four  polnta  are  available 
free  which  to  cosputo  tha  activation  energy  for  the  second 
peak,  hence  the  value  of  KCal/fcole  ao  detenalned  eay  be 
In  cor-'jlde.-uble  error.  At  t.ho  hlghor  temperatures  the 
Boftt-rdr^s  of  t.ha  latterlr.l  IntiNJduces  a  very  large  background. 
Four  sc»i;ple8  wero  studlcdi  figure  17  shows  the  resulta  taken 
with  one  sc-rple.  The  curvet  for  the  other  three  saaples  art 
elEdliu*  In  appearftneo  enoept  thut  they  show  only  one  aet  of 
X>eaks,  and  thE.t  tha  psaJts  occur  at  different  tenperaturaa 
resulting  In  different  values  of  activation  anergy. 

Figure  18  pret-ents  th*  In  f  va.  lAmxt  relation  for 
four  Bsterlfils;  the  aettvation  energy  for  each  la  listed. 
There  are  two  linos  for  the  pure  cellulose  2.3  acetate; 
the  one  froa  59  ko  upwards  results  froa  Vardban's  Maaure- 
■ents  whereas  the  one  frcci  50  kc  dowmsard  to  50  epa  are 
froa  Voods'  data,  taken  froa  tw  different  aets  of  axpertaenta. 


Although  p«r&llel,  tb«  of  Vanihin’s  data  toward®  hlgJ«»T 

tetoperature®  can  perhaps  be  er?lalr>e<i  on  the  basts  cf  solvent 
content  In  the  sjujoples.  Woods*  neajpirw=*nts  were  *ad-  Bbortlj 
after  the  taaples  bad  beta  pnev'ared,  and  It  Is  not  excluded 
that  traces  of  solvent  were  present  mhlch  disappeared  during 
the  Interval  of  several  aoa^a  between  hla  and  Vardbsn's 
nteasuresients y  during  which  tlae  the  sasiple  was  In  a  dry  place 
and  aooetlnes  even  In  vacuvw.  The  presence  of  solvent  UJee 
that  of  mol3tuj*o  nakes  the  peak  appear  at  lower  tenperatures. 

For  this  aaae  swbstaive  Woods  aade  sooe  »echanlca.l 
neasurements  which  are  Included  la  Pi 6*  l3;  the  values 
agree  well  with  the  dielectric  KeasareBenta . 

When  cellulose  2.3  acetate  is  plasticized  with  50^  M-17. 
the  peaks  occur  at  -7'*'3  to  e43®C  for  300  cps  to  105  ko  givlns 
an  activation  enertnr  of  35  rC*l/-ole.  In  figure  18  the  resolta 
of  three  sets  of  reasur<fe*ents  are  repr.auccd.  The  points  of 
each  set  fall  on  dlTferu-it  lines  bat  the  slope  of  al  l  three 
lines  io  the  ss-ne.  The  three  dlffereot  expsrlreata  were 
perfomed  at  three  dlffervcit  tliaes  szad  the  shifts  ere  bellev«4 
to  be  due  to  a  grtid;pil  ers.'-mtloii  of  BOlutare  or,  eore  proba¬ 
bly,  of  the  plasticizer.  In  fact,  the  later  Beajrereaoiita 
which  would  have  less  piaztleizer  a^icordlag  to  this  Interpre¬ 
tation,  gave  tha  lines  at  the  blgSier  tsaperaturea- 

Cellulcse  triacetate  with  50^  aetaeresol  showed  pealca 
at  -25°C  to  -10<%  glTli*  ^3  ICal/sole  activation  energy. 

Tbla  value  la  nearly  the  sane  as  that  calculated  fiat  the 
second  set  of  peaks  obaerred  In  p<ure  triacetate  at  higher 
tenpsraturea,  as  nsntlonec  earlier.  The  two  seta  of  psalrw 
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in  ixir«  trlucetate  giving  different  actlv&tlon  enei^les  ar« 
evidently  the  i'eoult  of  two  different  proceseea.  Addition 
of  the  plastlciier  ahlfta  both  peaks  to  lower  tenperatur^s. 

Oh  this  basis,  for  63  cpa  the  peak  at  about  100®C  has  shifted 
to  about  -35^2  <in  addition  of  50^  aetacresol.  If  we  assuaie 
at  least  the  saite  anovait  of  shift  for  the  lower  peak,  occurlng 
at  -60®C  In  pure  triacetate.  It  may  be  expected  that^the  addi¬ 
tion  of  the  uetaereeol  It  has  shifted  to  temperatures  outside 
the  range  covered  by  the  equipment. 

Slrllarly  the  antlvatloa  energy  of  35  KCal/nole  for 
the  aenclcixed  2.3  acetate  corresponds  to  a  proceaa  which. 

In  pure  cellulose  2.3  acetate,  would  occur  at  higher  tempera- 
tux^s.  Ho'Kever,  no  aucb  peak  was  observed  at  the  temperatures 
where  the  psak  would  be  expected  to  occur.  It  Is  not  clear 
what  ctcsea  the  difference  between  the  trl-and  the  2.3  acetates. 
The  t»o  ctijlea  were  prepared  by  different  experimenters  and 
the  iistoent  of  crystallinity,  and  poeslbly  tracea  of  solvent, 
may  account  for  this  discrepancy. 

de  s-ine  cf  actlvo.tlon  energy,  nvisely  9.5  KCal/aole 
for  both  the  2.3  acetate  and  the  triacetate  leada  one  to 
conclude  tiint  thla  Is  Independent  of  the  degree  of  "acetatlon.” 
On  the  other  hand,  there  la  a  difference  of  about  10  KOal.  In 
the  activation  energlea  for  the  two  plasticized  aamples.  Bow 
tlg.'ilflcant  the  10  CCal.  different  ia,  seems  difficult  to 
dtolde.  It  la  well  possible  that  it  la  due  to  the  different 
eheoical  character  of  the  plasticizer;  indeed,  a 
difference  haa  been  observed  in  eelluloae  nitrate  (aee  later). 


Of  the  two  plaetlcJtera,  M-17>  with  the  higher  boiling  point, 
gives  the  lower  activation  energy.  It  may  alao  be  noted 
that  the  curve  with  higher  activation  energy  Is  shifted  toward* 
lower  temperature.  In  opposition  to  the  general  rule  that 
relaxation  procesces  cccurlng  at  lever  temperatures  have  alao 
lower  activation  energies.  Apart  fiom  this,  M-17  and  meta- 
creeol  give  very  similar  results,  though  according  to  Russell 

iS 

and  Van  Kerpel  the  metacresol  freezes  at  +8®C.  It  thus  appears 
that  the  action  of  the  plasticizer  Is  net  dependent  on  the  state 
In  which  It  Is  present  In  the  sample. 

Ko)-;amura'*^  concluded  that  the  transition  shifts  to  lower 
tempei-aturo  and  the  activation  energy  decreases  with  increasing 
acetyl  content.  However,  from  figure  l8i  for  the  two  pure  ace¬ 
tates  it  Is  found  that  corresponding  transitions  foi*  the  tri¬ 
acetate  occur  at  hlf-her  temperatures,  which  is  contrary  to 
Nalcamura * 6  observation.  Also  that  the  activation  energy  la 

not  lees  for  the  triacetate  than  that  for  2.3  acetate  aa 

20 

should  be  according  to  his  view.  Head  end  Puoss  found  that 

tho  transitions  for  polyvinyl  acetate-gelva  60,  which  waa 

heavier  and  more  viscous  than  polyvinyl  acetate-gelva  15. 

occured  at  higher  tsaiperatures  than  those  for  gelva  15. 

la  In  line  with  the  result  of  flgvire  13. 

Zl 

Kandlekem  and  Flory  have  reported  two  transition* 
for  tho  2.3  acetate  at  60  C  and  120  C  and  two  for  the  tri¬ 
acetate  at  30°C  and  105°C  aa  obtained  from  volutaetrlo  neaaure- 

it 

aenta.  Rusaell  and  Van  Serpel  have  found  In  alEllar  experl- 
aenta  two  transition*  for  th*  2.3  acetate  at  55®C  and  115®C 
and  three  for  the  triacetate  at  40®C,  120®C  and  155®C. 


The  differences  In  the  positions  of  the  <'orre?pcndlng  tran¬ 
sitions  found  by  Xandlelcem  and  Fiery  and  by  pnssell  and 
Van  Kerpel  are  small  and  could  be  due  to  slight  differences 
In  the  materials  used,  Hosever,  since  the  vol>J5ietrlc  measurs- 
aents  can  be  considered  "sero  frequency"  neasurenents,  these 
transition  tanieerature.'.  should  be  the  lower  limit  of  any  set 
of  peaks  which  might  be  found  by  the  method  of  the  present 
Investigation.  Therefore,  the  transition  of  Mandiekem  and 
Plory  at  30°C  and  that  of  Russell  and  Van  Kerpel  at  40®C  for 
the  triacetate  coi*r©8ponds  In  the  present  case  to  the  high 
temperature  set  of  peaks  with  an  activ-itlon  energy  of  about 
43  KCai/aole.  To  the  low  temperature  peaks  ebsem-ed  In  the 
present  study  would  correspond  a  volumetric  trauisltion 
teiiperature  of  -10O®C  or  lower;  which  has  not  yet  been 
observed.  The  advantage  of  loss  Beasuremeats  to  detect 
transitions  Is  here  evident.  On  the  ether  hand,  this  Bethod 
Is  unsuccessful  at  higher  temperatures  because  of  the  onset 
of  floe. 

For  cellulose  2.3  acetate  with  H-17  Russell  and  Van  Korpol 
report  three  transitions  at  nearly  30^C,  70®C  and  100®C  and, 
for  cellulose  triacetate  with  mctacresol,  two  transltlona 
at  70®C  and  99°C.  If  addition  of  503*  netasresol  shifts  tho 
transition  by  135  degrees  as  discussed  before.  It  Is  haard 
to  aay  w.iich  of  those  above-aentloned  transitions  correspond 
to  which  of  those  of  the  pure  ssoplea. 

Russell  and  Van  Kerpel  also  pen'oraod  aoao  Mcbanleal 
noasurenents  (torsion  pendulua,  approxlnataly  1  «pa) — and 
this  la  the  reason  auch  Masuressents  wets  not  nado  in  tho 
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pi'esent  study — on  th«  ssac  saaplta  and  found  correlation  with 
aos,e  of  the  peaks  but  not  Mlth  all  the  transitions  observed 
by  the  dllatrometrlo  nethod. 

A  typical  mechanical  loss  measurement  made  by  Woods  on 
pure  cellulose  acetate  Is  shown  In  Pig.  19*  The  line  labeled 
backcsround  In  the  figure  Is  the  loss  Measured  without  the 
sample  attached  to  the  reed  and  coll  (see  page  2lJ.  The 
x-esults  of  a  number  of  curves  taken  at  different  fre<;uencles 
are  Included  in  Pig.  18.  The  results  of  the  mechanical  and 
electrical  measurements  agree  very  well. 

Part  3.  Nitrocellulose. 

a.  Pure  and  Plasticised  but  Oncross-llnked. 

Pure;  Both  mechanical  and  dielectric  losses  for  nitro¬ 
cellulose  samples  were  observed  over  the  te-.perature  range  of 
approximately  -180°C  to  +60°C.  In  the  dielectric  measurements 
the  transition  peeks  were  in  many  oases  rather  flat  and  a 
precise  dotenalnatlon  of  the  transition  terperatures  for 
different  frequencies  Is  not  possible.  The  Btechenlcal  neasure- 
nents  resulted  in  satisfactorily  sharp  peaks. 

A  number  of  samples  of  the  pure  naterlal  were  studied  by 
both  Woods  and  Vardhan,  but  each  Invcetlgator  used  saoples 
prepared  at  different  times.  Typical  reisults  are  shown  In 
Figs.  20  end  22  for  electrical  and  mechanical  losses^  respec¬ 
tively,  by  Woods^;  and  In  Pigs.  21  and  27.  respectively,  by 
Vardhan.  Activation  energies  were  computed  from  the  lines 
drawn  In  Pig.  23  for  Woods'  data  and  from  Pig.  23  for  Wardban's 
data.  Woods'  value  of  t.«e  activation  energy.  XCalyW>le. 
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1»  oon8ld«rablj  lower  tlam  the  values  of  10  to  18  KCel/Wole 
calculated  frtfli  the  later  Betsureaents.  Ko  explanation, 
other  than  the  difference  in  prep^iiretlon  of  the  aaaples,  la 
apparen  . 

The  reaulta  oa  cellulose  nitrate,  Fifi.  28,  give  teo, 
non-oollaeftT  line*,  as  was  found  for  polfVlnyl  acetate.  Fig.  le. 

Only  one  aeRaurfacnt  with .  the  vibrating  reed  aethod  eae 
Bade,  this  value,  for  IJO  cpa  vibrs-tlon,  la  plotted  on  Fig.  28 
and  agreea  well  with  other  a«.aaure*«ntB. 

Plastic kJVhua  tha  nitrate  was  plaatlclced  with  4.8^ 
diethyl  plitbalate  evldisnce  of  the  preaenee  Of  pealte  In  the 
Q^Cij  verauB  t®C  curves  b*ct.ne  atlll  falntarj  but  Increasing 
the  plasticiser  content  to  15.8.1  the  occurrence  of  peaks 
becomes  BcsaewliAt  aoro  proas  me  cl;  see  Fig.  24.  Xn  this  oase, 
the  currso  of  63  cpa  and  115  epo  sSiOKOl  two  flat  peaks  at 
about  -45®C  er-d  elj^C.  the  pcilcB,  bouevar,  seva  to  fads  away 
with  IncK'aao  In  fretpuctnty.  It  is  ctlll  r.Ot  poaalble  to  obtain 
a  value  of  aotlvatloa  en-'rjy  frv»  t’aeso  cw-rvee. 

With  hlc'hcr  pJ^stlctr*5r  ccat6~t,  41. <1,  49.$^  end  60.7!^ 
diethyl  phtluXite  (rr  t:  a  C/cu  varaua  t®C  ourres  show 
ijulte  pronosnoed  pccta,  but  erdy  cao  eat  of  peaks  for  eaob. 
These  occur  et  to  42®0,  12®C  to  37®C  ixd  5®0  to  2S®0  for 
frequencies  of  60  ope  to  50  ko  for  the  three  easples  respeo- 
tlvely.  As  an  extxpls,  the  Bc-scurenoats  on  the  49.9JS  sample 
are  t  ■  odueed  In  Fig.  25.  The  activation  tnerglee  ealeulateA 
froB  t  s  peaks  are  41.6,  43.8,  and  47.6  CCal^^^le.  The 
log  f  venus  1/S.*,  lines  for  tbsss  and  for  pure  cellulose 
nitrate  are  ebown  In  Fig.  26. 
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Hechanlcal  loaBe*  also  v*er«  iisRSureil  for  saaplea  containing 
4.8^,  16.7?,  *>1.6?.  49-9?,  and  60.7?  PS?  plastlclxar.  Typical 
results  for  the  4.8?  and  16.7?  art  Illustrated  by  the  results 
shown  in  Fig.  29  for  the  16.7?  samples.  Both  cases  show  double 
peaks,  with  a  possible  third  peak  faintly  seen  for  the  4.8? 
sample.  Activation  energies  of  23  and  41  KCal/aole  were  found 
for  the  two  peaks  and  39  and  53  KCal/mole  likewise  In  the  4.6? 
and  16.7?  samples  respectively.  When  the  DEP  (pltstlclaer) 
content  is  increased  to  41.1?  the  Qg"  curves  show  only  single 
peaks  around  about  -4l°C  with  an  activation  energy  of  50  KCal/mole. 
These  oeom,  therefore,  to  corresponu  to  the  third  peako  sientloned 
above,  but  shifted  to  lower  temperatures  due  to  Increased  plasti¬ 
cization.  These  curves  aloiig  with  Og*  plots  are  shown  In  Fig.  30- 
Measurer.ents  on  the  scnples  containing  49.^  and  60.7? 

DEP  show  alngle  perJcs  but  shifted  still  further  towards  lower 
temperatures.  The  result#  of  ■echanlcal  measurements  versus 
plasticizer  content  may  be  sucmarlzed  aa  follows? 


A  picture  ef  what  bappens  when  a  plasticizer  la  a4<ied 
In  Increasing  si^ounts  la  seen  In  Fig.  31*  Mhlch  sh;  *s  the 
02"  curves  for  aXl  plastlclxer  contents  used,  at  ene  frequencj 
— 3.62  *  10‘3  ops.  The  pronounced  shift  of  the  corresponding 
peaks  la  large  at  first  as  the  plasticizer  content  is  changed, 
being  about  1.6  degrees  per  IJI  change  In  the  plasticizer  for 
peak  III  froQ  16.75»  to  41.^.  Kowever,  thla  shift  becooea 
relatively  aaialler  when  the  plasticizer  changed  froa  41.4^ 
to  49.951,  being  about  0.57  degree  per  IJl  plasticizer  again 
for  peak.  III.  It  becos^s  O.12  degree  per  1{1  plasticizer 
change  In  the  49.9!S  to  60.7?  rarge.  It  seems,  therefore, 
that  the  effectlveneas  of  the  plsstlclaer  decreases  as  Its 
fraction  In  the  polymer  Incre^es.  The  dependence  o£ 
on  plasticizer  concent ration  at  constant  temperature  la  very 
Blrelltir  to  the  varlatlcn  of  the  transition  temperature  as 
determined  by  IJberrelter^®  frcss  volwjetric  neasurenents.  As 

.0 

Boyer  and  Spencer'^  pointed  out  this  dependence  agrees  only 

in  a  United  range  of  eoncsritratlon  with  a  formula  they 

22. 

derived  froa  erj-ller  work  of  Flory  ,  according  to  Mhleb 

wj-  =  /!  - 

Mbere  Wg  Is  the  weight  fpnetiaa  of  the  Polymer,  T  the  absolute 
terperature  snd  A  and  B  are  corrtants  (for  a  specific  systea). 
The  deviations  at  high  concentration,  where  changes  aueh 
lees  than  indicated  by  this  formula,  aay  not  be  too  sarprlslng 
At  these  high  concentrations  toe  eegaents  of  the  polyaer 
Bolecules  whose  motion  is  responsible  for  the  losses  in  this 
frequency  and  teKperature  region,  are  already  surrounded  by 


the  plasticizer  noleeulea.  This  surroundlns  (Jeteralnes  the 
effective  viscosity,  and,  since  further  addition  of  plasti¬ 
cizer  will  not  change  this  surroundl  ngj and  thus  the  viscosity 
slgnlflcantly^the  should  not  change. 

b.  Plasticized  and  S^’shlllzed. 

Since  most  of  the  pla3tlvj.zed  sasples  showed  aging 
effects  that  were  interpreted  ai  changes  in  the  plasticizer 
content.  It  se^ed  of  Interest  to  study  a  aanple  containing 
a  stabilizer.  In  fact,  the  measurements  were  better 
reproducible,  even  over  long  tine  Intervals. 

Two  B&;apl«s,  one  plasticized  with  dl( 2-ethyl  hexyl) 
phthalate  (POP) --which  Is  considered  as  a  more  stable  plaatl- 
clzer — and  the  other  plasticized  with  POP  and  stabilized 
with  l)t  stabilizer  were  investigated  for  both  the  dielectric 
and  the  elastic  behavior. 

The  Q/cJ  versus  temperature  curves  for  the  unstablllzed 
aemple  showed  peaks  In  the  range  from  -10®C  to  +37®C  for 
fr*^qucnolC8  of  I50  cps  to  50  kc,  giving  29  KCal/aole  for 
the  activation  energy.  It  may  be  recalled  from  the  previous 
section  that  almllar  curves  fer  the  suaple  with  49.9|i  PEP 
had  peaks  between  >15^0  and  +39°C  for  the  saiae  frequencies, 
giving  about  43  KCal/aole  for  the ‘activation  energy.  It 
seems,  therefore,  that  the  chenlcal  structure  of  a  plaatl- 
elser  exercises  a  definite  Influence  on  the  value  of  the 
activation  energy. 

?ron  the  oechaiU.cel  Beeaureaents  on  this  sample  en 
activation  anargy  of  41  KOal/Wle  can  ba  calculated  Mitta 
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th«  tnmBitlons  ooourrlng  in  the  re&loa  oT  to  -^20®C. 

This  region  corresponds  to  the  region  of  the  transition 
peaks  of  the  electrical  «easurei»ents  t^ich  eere  at  higher 
frequencies.  Therefore,  the  loss  poa'-a  ohaerved  in  the 
mechanical  and  electrical  measureaents  »eea  to  originate 
fron  the  sm-tic  pi’ocess.  The  difference  of  about  10  tCal/eole 
between  the  activation  energy  observed  free  the  eechanlcal 
and  dielectric  raeasurecents  is  thus  slnllar  to  that  found 
with  polyvinyl  acetate.  The  value  of  the  activation  energy 
for  ^1  KCal/aole  is  also  quite  close  to  the  46  JCCal/K>le 
obtained  for  the  eanple  with  49-9?  DKP.  «»«*  appears 
that  the  different  chesileal  constitution  of  the  plasticiser 
Is  not  so  effective  in  this  case  as  it  Is  in  the  dielectric 
measurejaents.  The  helglita  of  the  Cg"  curves,  for  both  the 
50?;  DO?  and  the  49.r,>  D2P  sa:-pXc3  are  nearly  the  sane.  The 
laodulos  02*  however,  is  socteshat  less  for  the  ssaplc  contain¬ 
ing  DOP. 

Por  the  ssEpls  plasticised  with  45"*  I>0P  and  stabilised 
with  U#  stabilizer,  the  C/o*  curves.  Fig.  32,  give  tmnaitloa 
peaks  fron  -1C®C  to  +31®C  for  frequencies  fron  115  cps  to  50  te 
leadlr,S  to  19  KCal/tolc  for  the  activation  energy.  This  Is 
about  10  CCal/=ole  less  than  that  for  the  saaple  slthout  W>s 
stabiliser  dlsoussed  above.  Also,  the  peaks,  are  not  as  vcll- 
deflned  and  prodounced  in  this  ease. 

The  activation  energy  calculated  fro«  the  sechaalesl 
■easurenents  is  about  20  CCal/sole.-hl^r  by  about  tlw 
aaee  aaouat  than  the  dielectric  Talus  as  la  tbs  unatablliasd 
saxpls.  This  rsgularlty  of  tbs  bshavlor  sseas 


to  Indleats 
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thAt  th«  presence  of  the  stabilizer  reduces  the  sctlvetlon 
enersy  both  In  the  dielectric  end  the  uechanlcal  behavior. 

c.  Plan tic Ized  and  Croas-llnVed. 

Pour  ssKipIea  of  cellulose  nitrate  plaetlclzed  with  50jK 
DEP  and  cross-linked  to  various  degrees  were  studied  with 
respect  to  dielectric  as  well  as  mechanical  losses. 

The  Q/caj  versiis  ter;:>eratare  curves  from  the  dielectric 
aeaaurementa  at  frequencies  from  115  cps  to  5  showed  peaks 
In  the  region  from  -15®C  to  +10®C,  -15°C  to  +10®C,  -15°C  to 
+14®C  a:id  -15°C  to  +13®C,  giving  activation  energies  of  30, 

30,  34.5  and  36.2  KCal/»ole  for  the  samples  containing  2.44JI, 
1.44/>,  0.74^  anl  0.745  of  cross-linking  agent  HDI  and  with 
cross -linking  of  ^p,  -  O.70,  0.62,  0.I8,  and  O.O6  respectively. 
Pigs.  33  and  34  show  a  set  of  such  curves  for  the  least  cross- 
llni:.id  sciplo  obtained  with  the  bridge  and  the  Q-meter  respec¬ 
tively.  Log  f  vs.  lAc.ix  plotted  for  the  peaks  of  these 
figcxca  gives  an  activation  energy  of  30  ECal/tiolo.  The  high 
fr^gn-ricy  measurtveats  wp  to  about  2  me  were  teJeen  for  the 
other  three  ssmples  also.  Pig.  35  lists  the  activation  energies 
for  all  the  four  cross-linked  casples.  A  plot  for  ths  uncross- 
llnkcd  shEplc  with  49. DIIP  Is  also  reproduced  for  cosparlson. 
A  definite  chnnge  of  the  activation  energy  In  the  fout'  stutples 
Is  noted  although  It  is  not  very  largo  (30-36  KCal/tiole).  For 
the  two  sarnies  containing  0.745  HDI  but  having  different 
degrees  of  cross-llntrlng  qy  O.I8  and  O.O6,  the  variation  of 
the  activation  energy  la  rather  related  to  the  UDI  content 
and  not  to  the  degree  of  cross-linking,  since  both  give  the 
sane  value  for  activation  energy,  naaely,  30  ICCal/sole,  so. 
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with  Incrwaalng  degree  of  cro6»-llrJtlii«,  the  correepondlng 
trtmaltlona  occur  at  aor-ewhat  lower  t  ecpe  rat  urea .  The  croea- 
llnkirig,  on  the  other  hard,  haa  reduced  the  activation  energy 
by  about  10  KCal/sole  from  that  of  the  xmcroas-llnked  aanple. 

It  la  Intereatlng  to  recall  that  the  presence  of  V  of  a 
Btablllzer  In  a  tgi  plasticized  saaple  also  reduced  the 
Bctlvatlon  energy  by  alnoat  the  saae  anount.  Physically, 
therefore,  the  stabilizer  and  the  eross-lUAlng  agent  see* 
to  act  in  a  similar  manner. 

For  the  anelastle  response,  the  activation  energy  for 
all  the  four  aaiaples  has  a  constant  ealue  of  KCal/^nole 
as  ahown  In  Pig.  37.  Tiie  correspondlns  Og"  peaks  occur  at 
lower  tempo nitures  for  ear-plea  with  greater  crosa-llnklng. 

This  shift  In  the  pooltlorj  of  the  peeks  la  more  pronounced 
for  the  mechanical  measurasaenta  than  for  the  electrical  ones. 

This  o.hift  l3  In  an  opposite  direction  to  one  would 

expuct.  In  fact,  croos-llnking  preiurrs  a  more  rigid  material, 
and  the  trarcitlon  thould  shift  to  btithcr  to-'ptratures,  as 
Is  observed,  for  eri'jrple,  for  rubber  of  different  degrees  of 

u 

vulcanization. 

The  constmt  value  of  activation  enercy  for  the  four 
aamplea  obtained  from  sechanlcal  aieazurK^ta  Is  larger  than 
the  values  calculated  on  the  basis  of  dielectric  measurements 
by  sn 'sjBOunt  of  the  same  order  of  nagnltuds— l.s. ,  sbout 
10  KCal/fcole“a8  for  the  pure  eelluloss  altrsts  or  for  tho 
samples  pL  stlclze  .  with  yjfi  POP  snd  plsstlclssd  with 
POP  snd  sta lillxs  . 
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It  totj  alaa  b«  noted  that  the  activation  cnersy  fro* 
mechanical  neaaUrements  for  the  croaa-llnked  samples  does 
not  differ  froia  the  corresponding  activation  energy  (46  KCal/n.) 
for  the  lincross-llnked  sample.  This  behavior  Is  different  from 
that  found  for  the  stabilized  and  unatablllzed  samplea.  Thus, 
as  far  as  the  anelastlc  behavior  la  concerned,  cross-llnlclag 
and  ateblllzatlon  do  not  seen  to  haVe  similar  effects. 

For  oaJee  of  Illustration,  a  curve  of  Og”  versus  tempera¬ 
ture  from  pendulum  measuxeraenta  Is  shown.  Fig.  36,  for  the 
least  cross-llniced  sample.  Though  the  plots  of  Og"  and  0^’ 
for  the  four  aaiaples  do  not  represent  the  absolute  values  with 
great  precision,  as  stated  before,  they  give  definite  Indica¬ 
tions  that  Og"  and  especially  Og’  are  constant  for  all  the 
four  samples.  This  Is  again  contrary  to  expectation  because 
cross-llniclng  Is  expected  to  Increase  the  modulus. 

Reviewing  the  results  obtained  with  eroDS-llnked  samples, 
one  gains  the  Imprecclon  that  there  Is  no  very  tsaiSced  Influence. 
It  miy  well  be  that  the  observed  differences  In  the  dlelectrlo 
or  anelastlc  behavior  are  due  iT.thcr  to  differences  In  prepara¬ 
tion  and  life  history  of  the  ssnples  tlmn  to  the  effect  of 

£3 

sross-llTihlng.  It  itay  also  be  pointed  out  that  Aldrich 
found  In  the  case  cf  hevea  that  oross-Unlclng  did  not  Influence 
the  viscoelastic  obsezrattonj  however,  he  worked  In  the  ultra- 
eonlc  range,  and  a  direct  ecnparlson  nay  not  be  valid. 
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V.  CONCiA;SIOKS 


In  this  Investigation  emphasis  was  put  upon  finding  the 
location  of  the  loss  peaks  on  the  temperature  scale  and  Investi¬ 
gating  their  shifts  with  frequency,  plasticizer  and  cross- 
linking,  etc.  No  effort  was  th'^refore  suide  to  compare  the 
complete  curves  over  the  whole  texperature  range.  By  using  y 
several  frequencies,  activation  energies  could  be  computed 
from  curves  representing  log  f  versus  l/tntLX' 

Since  the  location  of  the  peak  on  the  temperature  scale 
la  dependent  on  the  preparation  of  the  test  specimen  and  since 
there  are  often  several  peaks,  the  corresponding  peaks  occur¬ 
ring  at  different  frequencies  could  be  distinguished  by  their 
activation  energy. 

It  Is  found  that  the  activation  energy  Is  not  constant  ^ 
with  temperature  but  increases  as  the  static  transition  teapera- 
ture  Is  approached.  Examples  are  polyvinyl  acetate,  pure 
cellulose  nitrate  and  some  of  the  plasticized  samples. 

No  basic  distinction  could  be  found  In  the  dielectric 
behavior  of  cellulose  triacetate  and  cellulose  2.3  acetate. 

It  can  be  concluded  that  the  addition  of  a  plasticizer 
does  not  change  radically  the  value  of  the  activation  energy, 
for  any  particular  transition  but  only  shifts  It  to  loeer 
temperatures.  Thle  shift  becomes  relatively  smaller  ae  the 
plasticizer  content  Increases. 

The  addition  of  a  stabilizer  malcee  the  Brasurenente  more 
consistent  and  reproducible.  Zte  presence  reduces  the  acti¬ 
vation  energy  In  a  way  very  alallar  to  that  of  a  c roe a -linking 
agent. 
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Contrary  to  axpectatlon,  oross-llnklng  reduce*  the  valu* 
of  the  activation  energy  for  the  dielectric  measurements.  It* 
presence  did  not  make  any  appreciable  difference  for  the 
mechanical  meaturement*.  HoMever,  In  both  cnsest  the  tran> 

Bit Ion*  shift  to  lower  temperature*. 

Plasticized  samples  are  found  to  be  rather  unstabl*. 

It  la  suspected  that  the  plasticizer  evaporates  during  the 
experiment,  thus  often  leading  to  Incorrect  results.  'Thle 
err®  .Ic  behavior  renders  It  difficult  to  make  precise 
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